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METHOD FOR MAKING OPTICAL DEVICES WITH A 
MOVING MASK AND OPTICAL DEVICES MADE THEREBY 

RELATED APPLICATIONS 

[0005] The present application claims the benefit of priority of copending 
provisional patent application 60/270,468 filed on 2/21/2001, which is hereby 
Incorporated by reference as if set forth in full. 

FIELD OF THE INVENTION 

[0010] The present invention relates generally to micromachining. More particularly, 
the present invention relates to a new nnethod for making vertically tapered 
waveguides and diffraction gratings. 

BACKGROUND OF THE INVENTION 

[001 5] Waveguide tapers are important for coupling between waveguides having 
different mode sizes. Taper in the horizontal (width) direction are relatively simple to 
make using a mask with a horizontal taper pattern. Waveguides tapered in the 
vertical (thickness) direction are particularly difficult to make, but are important for 
minimizing coupling loss when coupling waveguides. For example, a vertical taper is 
important for coupling an optical fiber to a silicon waveguide. 

SUMMARY OF THE INVENTION 

[0020] The present invention includes a method for manufacturing an optical device 
comprising moving a mask situated between a layer of optical waveguide material to 
be shaped and a source of etchant ions, wherein the motion exposes at least two 
areas of the substrate to variable amounts of etchant ions, thereby causing vertical 
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thickness variations between the at least two areas, and an optical device comprising 
a waveguide and a Bragg diffraction filter, wherein the waveguide and the Bragg 
diffraction filter are made from the same monolithic optical material. 

[0025] Monolithic here is defined as using the same layer or layers of optical 
materials initially deposited on a substrate as a starting point to fabricate multiple 
optically connected devices, as opposed to an optical material of constant 
composition. 

DESCRIPTION OF THE FIGURES 

[0030] Figs. 1 (a) and 1 (b) show a top and side view of a prior art horizontally 
tapered waveguide on a substrate. 

[0035] Figs. 2 (a) — ^2(d) show a movable mask over the waveguide of Figs. 1 (a) and 
1(b). Moving the mask sideways provides variable exposure to etchant ions, 
resulting in a vertically tapered waveguide, for one embodiment of the 
invention. 

[0040] Figs. 3(a) and 3(b) show a ribbed vertically tapered waveguide, for another 
embodiment of the invention. 

[0045] Figs. 4(a)-(c) show a side view and cross-sections of a ribbed waveguide. 

[0050] Fig. 4(d) shows a cross section of a waveguide having multiple tapers. 

[0055] Fig. 5(a) shows a comb movable mask, for yet another embodiment of the 
invention. 

[0060] Fig. 5(b) shows a comb movable mask used in combination with a stationary 
mask. 
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[0065] Figs. 6(a) and 6(b) show a movable mask with slits producing a diffraction 
grating. 

[0070] Figs. 7(a) and 7(b) show a reciprocating mask with tapered teeth, and a 
sidewall shape produced therewith. 

[0075] Figs. 8(a) and (b) show a comb movable mask and a shaped sidewall 
produced therewith. 

DETAILED DESCRIPTION 

[0080] The present invention provides a method for forming a vertical taper in a 
waveguide. In the present invention, a shadow mask is disposed above a waveguide 
requiring a vertical taper. Then, the waveguide is exposed to a directional etching 
process (e.g. deep reactive ion etching) while the mask is moved. Ask the mask 
moves, different regions of the waveguide will be etched different depths, resulting in 
a vertical taper in the waveguide. 

[0085] The present invention provides a method for making integrated optical 
waveguides that are tapered horizontally and vertically. Horizontal tapering, in some 
embodiments, is provided by conventional masking and etching. A mask that is 
moved during the etching process provides the vertical tapering. The location vs. time 
function of the moving mask determines the vertical taper profile of the waveguide. 

[0090] In a method of the present invention, a waveguide is formed on a substrate. 
The waveguide can be made of many materials including Si, GaAIAs, GaAs, InP, 
silicon oxynitride, doped glass or other materials. The present invention is applicable 
to any waveguide material that can be etched by ion bean milling, dry etching, or the 
like. The substrate materials include semiconductors such as silicon, ceramics and 
the like. The substrate may be clad. Optionally, the waveguide has a horizontal 
taper shape (i.e., the waveguide is tapered as viewed from above). The waveguide 
may be a rib waveguide. A starting point waveguide 1 over a substrate 3 may be 
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seen in a top view in Fig. 1(a), and in a side view in Fig. 1(b). The horizontal tapering 
is achieved with conventional photolithography and etching. 

[0095] The waveguide is etched, with, for example, reactive ions 7, through a mask 
5 that is movable with respect to the substrate 3. The sequence of figures 2(a)-2(d) 
illustrate the etching of the waveguide 1 during the etching process. It is noted that 
the length of the taper may be about 0.5-1 mm. If the substrate 3 is a circular wafer, 
then the motion of the mask 5 is in the plane of the substrate and in a radial direction. 
Wafers usually are provided with flats for keying, and the motion may also be 
described as linear, as opposed to rotational, with respect to the flat. As the mask 5 
moves, areas of the waveguide 1 beyond the edge of the mask 5 are exposed to 
greater etch times than other areas, which produces a waveguide 9 with a vertical 
taper. In this embodiment, the mask 5 moves in a linear direction with respect to 
direction of the waveguide 9. 

[0100] The mask 5 is removed. The resulting waveguide 9 has independently 
controllable horizontal and vertical taper profiles. The top view shows the horizontal 
tapering; the side view shows the vertical tapering, as can be seen in Fig 3(a). 

[0105] In the present invention, the horizontal taper profile may also be determined 
by the mask used to define the waveguide, rather than relying on conventional 
lithography. Therefore, the horizontal taper can have practically any shape desired. 
The vertical taper can also have practically any shape. In the above example, the 
mask has a single edge that is moved. In the case of using a movable mask with a 
single edge moving in a single direction, the vertical taper profile is monotonic, i.e., 
the taper profile may be monotonically tapered up, or monotonically tapered down. 
By moving the mask back and forth in the direction of the waveguide, non-monotonic 
profiles may be obtained. Since the horizontal and vertical taper profiles are 
independently controllable, they can have the same or different lengths. Note that 
the mask motion may have any mathematical function, including error function, 
triangular function, gaussian function, sinusoidal and the like. Note that gaussian 
functions and error functions, and other functions, may be used to provide an 
adiabatic taper. 
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[01 10] Rib-type waveguides made according to the present invention can be 
characterized by material removed from the waveguide rib as well as the areas 
surrounding the waveguide. Equal thicknesses of material can be removed from 
both the rib and the surrounding areas. Fig. 3(b) is a cross-sectional view of a rib 
waveguide 1 1 . Fig. 4(a) is a side view of rib waveguide 1 1 , while Figs. 4(b) and 4(c) 
show cross sections of Fig. 4(a) at various locations. 

[0115] In the present invention, the moving-mask etching process can be applied 
multiple times so that the waveguide 13 has multiple taper shapes, as can be seen in 
Fig. 4(d). 

[0120] The movable mask can be made of many materials, including silicon, metal 
plated silicon, metals, silica, ceramics and the like. Preferably, the mask has a very 
low etch rate in the plasma or ion beam used to etch the waveguide. 

[0125] The mask can be moved by piezoelectric actuators or the like. In a preferred 
embodiment, the actuators are computer controlled to provide a precise time vs. 
position function. The time vs. position function of the movable mask determines the 
vertical taper profile. 

[0130] It is also noted in the present invention that the movable mask 15 can have 
comb-shaped areas, as shown in Fig. 5(a). 

[0135] Also in the present invention, a stationary mask 17 can be combined with a 
moving mask 15, as seen in Fig. 5(b). A stationary mask 17 can provide mechanical 
support for the moving mask 15. Support for the moving mask 15 can be beneficial if 
the moving mask 15 has portions that are cantilevered or otherwise fragile. 

[0140] In another embodiment of the invention, the mask is moved with non- 
constant velocity so that a non-uniform etch pattern is established on the waveguide 
21 surface, as can be seen in Figs. 6(a) and 6(b). For example, if a mask 19 with slits 
or openings 20 is moved with an oscillatory velocity, then a corrugated surface 23 is 
formed. In this way, the present invention can be used to make diffraction gratings. 
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such as Bragg filters, on the substrate surface. The mask 19 is moved during RIE or 
ion milling, for example. In this example, the mask 19 is moved with an approximately 
sinusoidal velocity. An advantage of the present invention is that by using, for 
example, a mask with an edge, and then a mask with slits, a single monolithic optical 
device can be made on a substrate comprising both a vertical tapered waveguide 
and a Bragg diffraction filter. This is done, for example, by first making a vertical 
tapered waveguide on one end of a layer of an optical waveguide material on a 
substrate, masking the vertical tapered waveguide, and then making a diffraction 
grating on the surface of the other end (which is not vertically tapered) of the 
waveguide. Thus, avoiding the dB coupling losses incurred by making such an optical 
device by coupling a discreet waveguide and a discreet filter. Hence, a waveguide 
capable of coupling to an optical fiber with a built in frequency filter is provided. 

[0145] This is particularly useful in producing, for example, splitters for dense wave 
division multiplexers. Another embodiment is to make a vertically tapered 
waveguide, then provide a diffraction grating on the tapered surface, by using a mask 
with slits tilted to an angle that matched that of the vertical taper, so that the motion of 
the mask is out of plane with the substrate. 

[0150] The present invention can also be used to make sloped features and 
sidewalls having specified sidewall profiles. Specific sloped sidewall shapes 31 can 
be made using a mask 25 with tapered comb teeth 29 combined with a reciprocating 
motion 27, as can be seen in figs. 7(a) and 7(b). In order to get a waveguide with 
smooth sidewall shape 31, the amplitude of the reciprocating motion 27 should be 
large compared to the size of the teeth. Also, the reciprocating motion should be 
perpendicular to the length of the teeth. The shape of the sidewall 31 is a function of 
the shape of the teeth 29. Note that in region 33, the substrate or waveguide is fully 
exposed to the etching ions, while in region 35, there is variable exposure. In this 
embodiment, the mask 25 reciprocates in a perpendicular direction with respect to 
direction of the waveguide having shaped, smooth sidewalls. 
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[0155] Figs. 8(a) and 8(b) are another example of using a reciprocating mask 37 
with teeth to make a sidewall 39 having a desired sidewall shape. The sidewall 
shape is essentially a reproduction of the tooth shape. 

[0160] The reciprocating mask technique can also be used to make lenses such as 
cylindrical lenses. 

[0165] It will be clear to one skilled in the art that the above embodiment may be 
altered in many ways without departing from the scope of the invention. Accordingly, 
the scope of the invention should be determined by the following claims and their 
legal equivalents. 



